SUMMARY To compare measurements of left ventricular size and performance obtained by apical biplane cross-sectional echocardiography (CSE) and gated equilibrium radionuclide angiography (RNA), we studied 70 patients, all of whom had single-plane and 30 of whom had biplane left ventricular cineangiography. Wideangle, phased-array CSE images were obtained from two orthogonal apical views and left ventricular volumes were calculated using a microprocessor-controlled, video light-pen system programmed for a Simpson's rule algorithm. The average CSE end-diastolic volume (EDV) for all 70 patients of 158 ± 56 ml (± SD) was less than the single-plane angiographic value of 176 ± 68 ml (p < 0.001, r = 0.80). The average CSE end-systolic volume (ESV) of 78 ± 57 ml was not different from the angiographic value of 84 ± 70 ml (r = 0.88). The average CSE and single-plane angiographic ejection fraction (EF) values of 55 ± 16% and 57 ± 19% were not different (r = 0.90). In the 30 patients who underwent biplane angiography, the average CSE EDV of 166 + 62 ml was less than the biplane angiographic EDV of 217 ± 87 ml (p < 0.001, r = 0.81), and the average CSE ESV of 89 ± 69 ml was also less than the angiographic value of 114 ± 89 ml (p < 0.001, r = 0.92). The average CSE LV EF of 52 ± 19% was not different from the biplane angiographic value of 52 ± 17% (r = 0.87). In the 25 patients who underwent CSE, RNA and biplane angiography, the average LVEF values were 51 ± 20%, 46 ± 18% and 50 ± 17%, respectively, and the CSE and RNA values correlated with the biplane angiographic value (r = 0.90 and 0.93, respectively). Therefore, apical biplane CSE estimates of left ventricular volume correlate linearly with single-plane and biplane cineangiographic determinations, and this CSE technique compares favorably with gated equilibrium RNA for assessing left ventricular performance.
SEVERAL noninvasive techniques have been compared with contrast cineangiography for evaluating left ventricular size and performance. Calculations of left ventricular volumes and ejection fraction (EF) by standard time-motion (M-mode) echocardiography have compared reasonably well with measurements obtained by contrast ventriculography in patients with symmetrically contracting ventricles.1 Cross-sectional echocardiography has been shown to be more accurate than M-mode echocardiography for estimating left ventricular cineangiographic size and performance, especially in patients with coronary artery disease.5-7 However, these early cross-sectional echocardiographic studies were hampered technically by the necessity of tracing images from a video screen,5' 6 by the necessity of overlapping tracings to create composite images of the left ventricle," and by the use of geometric assumptions and correction factors to compensate for the lack of ideal anatomic sections.6 7 Time-activity radionuclide angiographic techniques, which are relatively independent of geometry, have also been shown to assess left ventricular function reliably in patients with various cardiac disorders.8 14 The purposes of the present investigation were (1) to obtain two orthogonal apical long-axis views of the left ventricle using a wide-angle, phased-array, crosssectional echocardiograph and to determine left ventricular size and performance using a commercially available, microprocessor-controlled, video light-pen system and a Simpson's rule algorithm; (2) to compare these measurements with biplane and singleplane contrast cineangiographic determinations of left ventricular volumes and EF; and (3) to assess the comparative accuracy of cross-sectional echocardiographic and gated equilibrium radionuclide angiographic estimations of left ventricular cineangiographic EF.
Methods Patients
Seventy patients were selected for this study on the basis of technically adequate left ventricular cineangiographic and cross-sectional echocardiographic studies. Sixty of these patients also had gated equilibrium radionuclide angiographic studies. Both 1075 VOL 63, No 5, MAY 1981 noninvasive studies were performed within 48 hours of catheterization without change in patient status or medical regimen. All 70 patients were male, ages 20-68 years (mean 52 years). Fifty-four of the 70 patients had coronary artery disease, and 30 of these had left ventricular wall motion abnormalities by cineangiography. In addition to coronary artery disease, eight patients had mitral regurgitation and four had aortic stenosis. Of the 16 patients without coronary artery disease, six had aortic regurgitation, three had mitral regurgitation, one had an idiopathic cardiomyopathy, and six had atypical chest pain syndromes with normal coronary arteries.
Cineangiography
Left ventricular contrast ventriculography was performed in all 70 patients in the 300 right anterior oblique (RAO) position with a power injection of 35-50 ml of Renografin-76 (meglumine diatrizoate) at 15 ml/sec and 400-500 lb/in2. Thirty patients also underwent left ventriculography in the 600 left anterior oblique (LAO) position. Cine frames were exposed at 60 frames/sec. A grid of 1-cm squares was used to correct for magnification. The end-diastolic frame was chosen as that corresponding to the point of maximal outward displacement of the left ventricle and the endsystolic frame was taken at the point of maximal inward motion. The left ventricular long axis was measured from the apex to the midpoint of the aortic valve plane for both views. Single-plane 300 RAO angiographic volumes were calculated by the method of Kasser and Kennedy,l and the biplane volumes were calculated by the method of Cohn et al. ' Two mutually perpendicular long-axis planes through the left ventricle were obtained in each patient from a single apical transducer position described by Silverman and Schiller18 and depicted with anatomic correlates by Tajik et al. '9 Patients were positioned in the supine or left lateral decubitus position and the transducer was placed over the point of maximal apical pulsation. From this position, the apical fourchamber view was provided by a plane transecting the heart from apex to base perpendicular to the interventricular septum and below the aortic valve ( fig. 1) . Without changing the transducer position on the chest wall, the apical two-chamber view (RAO equivalent) of the left ventricle was obtained by rotating the transducer 900 clockwise. Thus, the beam transected the ventricular septum through the left-sided chambers ( fig. 1 ). These two views of the left ventricle were chosen for volume calculations because (1) highquality left ventricular images in both long-axis planes were obtained more frequently from this single transducer position (80-90% of all patients examined) than from other transducer placements; (2) cardial outlines obtained from the two mutually perpendicular apical cross-sectional views. The area of each of these ellipses is multiplied by the incremental height to obtain a volume for each slice, and the volumes of all slices are then summed to obtain the total left ventricular volume at end-diastole and endsystole. EF was then calculated in the standard manner. The average processing time for one left ventricular study using this system was 15-20 minutes.
Radionuclide Angiography
Resting equilibrium radionuclide angiography was performed in the 450 LAO position with a 100 caudal tilt after i.v. injection of 20 mCi of technetium-99m-labeled human serum albumin. A 37 photomultiplier tube gamma scintillation camera equipped with a lowenergy, all-purpose, parallel-hole collimator was used for image acquisition. The pulse-height analyzer was centered at 140 keV with a 20% window. Image acquisition occurred under electrocardiographic control such that count information in consecutive corresponding 40-msec segments of each cardiac cycle was summed and stored as images in the computer core memory (Medical Data Systems) until each frame contained at least 300,000 counts. Nine-point spatial smoothing was then performed ofl each image of the composite cycle. A semiautomated computer program (MDS MUGE) then defined a left ventricular region of interest for each image, determined the activity in each region of interest during the cycle, and generated a time-activity curve from these regions of interest after background subtraction was defined from an end-systolic paraventricular region. Operator intervention to modify edge detection was permitted, and a left ventricular time-activity curve and enddiastolic and end-systolic counts were obtained. EF was calculated by subtracting end-systolic from enddiastolic counts and dividing by the diastolic counts.
Data Analysis
All three techniques were analyzed independently by different investigators without knowledge of the results of the other two techniques. In addition, 10 randomly selected cross-sectional echocardiograms were analyzed by one of the authors on two different occasions and the same 10 echocardiograms were analyzed independently by another investigator. Intraand interobserver variability were then assessed; intra- The cross-sectional echocardiographic left ventricular EDV in all 70 patients averaged 158 ± 56 ml (± SD) and was significantly less than the mean singleplane (300 RAO) cinangiographic EDV of 176 ± 68 ml (p < 0.001, r = 0.80) ( fig. 2A) Our data further indicate that the cross-sectional echocardiographic and the gated equilibrium radionuclide angiographic EF estimates correlate with both the single-plane and biplane cineangiographic left ventricular EF measurements. However, the correlation coefficient between the cross-sectional echocardiographic and single-plane angiographic values was significantly higher than that between the radionuclide and single-plane angiographic EF estimates. As shown in figure 4 , this difference may be explained by the broader variability in normal EF estimates obtained by the equilibrium radionuclide technique, as observed by other investigators.14 Also, the gated equilibrium radionuclide technique significantly underestimated both the average single-plane (300 RAO) and biplane angiographic left ventricular EF measurements. However, the cross-sectional echocardiographic and angiographic EF estimates were not different. Nevertheless, these noninvasive techniques for assessing normal and abnormal biplane cineangiographic left ventricular EF were equally accurate. Also, the correlations between the equilibrium radionuclide and single-plane and biplane cineangiographic left ventricular EF values in this study were similar to results reported by several groups who have documented independently the accuracy of the gated equilibrium radionuclide technique for estimating cineangiographic EF. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Radionuclide methods are relatively independent of geometry, and therefore are more accurate than standard M-mode echocardiography for assessing left ventricular performance in patients with cardiac disorders that affect wall motion.2`The early cross-sectional echocardiographic studies also showed that this echocardiographic method was superior to standard Mmode echocardiography for assessing left ventricular performance, primarily in patients with wall motion abnormalities.5 ' 6 In one study, the cross-sectional echocardiographic and first-pass radionuclide estimates of left ventricular EF compared equally well with cineangiographic EF values."6 One limitation of the cross-sectional echocardiographic method compared with radionuclide methods is the inability to obtain adequate echocardiograms in all patients; we obtained technically adequate studies in 80-90% of all patients evaluated, whereas radionuclide studies can be obtained in almost everyone. However, our data, comparing cross-sectional echocardiography with equilibrium radionuclide angiography, and the data of Folland and co-workers26 clearly demonstrate the ability of cross-sectional echocardiography to provide similar information about left ventricular performance in many patients without exposure to potentially harmful radiation.
Recently, the gated equilibrium radionuclide technique has been shown to provide valuable information about left ventricular performance during exercise in patients with valvular regurgitation27' 28 and coronary artery disease29 32 and sequentially after drug administration.33 3 Our data indicating the comparatively similar assessment of left ventricular performance by both cross-sectional echocardiography and gated equilibrium radionuclide angiography suggest that cross-sectional echocardiography may also provide valuable information about left ventricular size and performance in patients during exercise or after drug administration. In an initial report by Wann et al.,35 cross-sectional echocardiography during exercise in patients with coronary artery disease provided evidence for myocardial ischemia by detecting the development of new wall motion abnormalities. However, more studies are needed to confirm this initial impression and to document the usefulness of this valuable noninvasive approach in other cardiac disorders.
